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Down's syndrome (DS), a major genetic cause of mental retardation, arises from triplication of genes on human 
chromosome 21. Here we show that DYRK1A (dual-specificity tyrosine-phosphorylated and -regulated kinase 1A) 
and DSCR1 (DS critical region 1), two genes lying within human chromosome 21 and encoding for a serine/ 
threonine kinase and calcineurin regulator, respectively, are expressed in neural progenitors in the mouse developing 
neocortex. Increasing the dosage of both proteins in neural progenitors leads to a delay in neuronal differentiation, 
resulting ultimately in alteration of their laminar fate. This defect is mediated by the cooperative actions of 
DYRK1A and DSCR1 in suppressing the activity of the transcription factor NFATc. In TslCje mice, a DS mouse 
model, dysregulation of NFATc in conjunction with increased levels of DYRK1A and DSCR1 was observed. 
Furthermore, counteracting the dysregulated pathway ameliorates the delayed neuronal differentiation observed in 
TslCje mice. In sum, our findings suggest that dosage of DYRK1A and DSCR1 is critical for proper neurogenesis 
through NFATc and provide a potential mechanism to explain the neurodevelopmental defects in DS. 
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Down's syndrome (DS), which occurs in one in 700-800 
live births (Canfield et al. 2006), is caused by the presence 
of an extra human chromosome 21. DS is characterized by 
neurological, skeletal, cardiovascular, and immunological 
defects (Hasle et al. 2000,- Roizen and Patterson 2003; 
Antonarakis et al. 2004). In particular, mental retardation 
is the most common phenotype in DS (Chapman and 
Hesketh 2000). DS brains are microcephalic, and struc- 
tural alterations such as hypoplasia of the forebrain and 
cerebellum were observed in prenatal and perinatal stages 
(Schmidt-Sidor et al. 1990,- Golden and Hyman 1994; 
Weitzdoerfer et al. 2001). DS brains also exhibit reduced 
neuronal density and number (Mann et al. 1987; Tanzi 
1996), and neurons in DS brains have shorter dendrites and 
fewer spines with altered morphology (Takashima et al. 
1981; Petit et al. 1984). These observations suggest defects 
in neurodevelopmental processes in individuals with DS. 

Features of DS are generally thought to originate from 
an increase in the dosage of genes within human chromo- 
some 21. Several studies on humans with partial trisomy 
21 targeted a specific region of chromosome 21 called the 
DS critical region (DSCR). This chromosomal region is 
hypothesized to be responsible for a subset of DS traits, 
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including neurological phenotypes (McCormick et al. 
1989,- Korenberg et al. 1990,- Delabar et al. 1993). Brain 
abnormalities similar to DS have been reported in 
mouse models of DS. In particular, Ts65Dn and TslCje 
mouse models, which are trisomic for large segments 
of mouse chromosome 16 (including DSCR), orthologous 
to human chromosome 21, display abnormal forebrain and 
cerebellar development (Chakrabarti et al. 2007; Ishihara 
et al. 2010). In the developing neocortices, proliferation 
and differentiation of neural progenitors are impaired, 
suggesting misregulation of neocortical progenitors in DS 
(Chakrabarti et al. 2007; Ishihara et al. 2010). On the other 
hand, studies using mouse models that are trisomic for the 
DSCR alone show that the DSCR is necessary but not 
sufficient for certain brain phenotypes seen in Ts65Dn 
mice (Olson et al. 2004, 2007). These studies suggest that 
phenotypes associated with DS are due to the complex 
effects of multiple genes in the human chromosome 21. 
Identification of dosage-sensitive genes within human 
chromosome 21 and of their mechanisms of actions 
constitutes an important step in our understanding of 
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DS and toward the better development of therapeutic 
interventions. Nevertheless, molecular and cellular bases 
underlying neurodevelopmental defects in DS are incom- 
pletely understood. 

The Dyrkla gene (dual-specificity tyrosine-phosphory- 
lated and -regulated kinase 1 A), a proline-directed serine/ 
threonine kinase, lies within the DSCR and is overex- 
pressed in fetal and adult DS brains (Guimera et al. 1999). 
DYRK1A has been implicated as a regulator for CNS de- 
velopment, as Dyrkla-deficent mice show reduced brain 
size (Fotaki et al. 2002). Also, Dyrkla transgenic mice 
display alteration of brain size and neuronal density in 
the cerebral cortex (Guedj et al. 2012). Dscrl also lies 
within the centromeric border of the DSCR, encodes for an 
inhibitor of protein phosphatase calcineurin 1, and often is 
referred to as Rcanl (regulator of calcineurin 1 ) (Rothermel 
et al. 2000). Like DYRK1A, DSCR1 is overexpressed in 
fetal and adult DS brains (Fuentes et al. 2000), but its role 
in CNS development is incompletely understood. Further- 
more, the contribution of an increased dosage of the two 
genes to neurodevelopmental defects in DS has not been 
totally explored in a more pathological context, such as in 
animal models of DS. Interestingly, in vitro studies have 
shown that DSCR1 synergizes with DYRK1A to prevent 
the signaling pathway mediated by NFATc (Arron et al. 
2006), a critical regulator for vertebrate development (Tuan 
and Simone 2008; Muller and Rao 2010). Importantly, 
Nfatc-deficient mice manifest several features seen in 
human DS, such as cognitive decline, hypotonia, heart 
defects, and skeletal abnormalities (Graef et al. 2001; 
Chang et al. 2004; Arron et al. 2006). However, it has not 
been examined whether Nfatc deficiency and dysregula- 
tion of the NFATc pathway lead to developmental defects 
in mouse brains. 

In this study, we found that DYRK1A and DSCR1 are 
expressed in neural progenitor cells in the mouse devel- 
oping neocortex. Furthermore, we discovered that increas- 
ing the dosage of DYRK1 A and DSCR1 delayed progenitor 
differentiation and altered their laminar fate via attenua- 
tion of NFATc in vivo. In the developing neo cortices of 
TslCje mice, a widely used mouse model of DS, we found 
dysregulation of NFATc in conjunction with increased 
levels of both DYRK1 A and DSCR1 . Furthermore, delayed 
neuronal differentiation of progenitors observed in the 
TslCje neocortices was ameliorated by counteracting the 
dysregulated DYRKlA/DSCRl-NFATc pathway with de- 
pletion of DYRK1A/DSCR1 and activation of NFATc. In 
sum, our work underscores the DYRK1 A/DSCRl-NFATc 
pathway as a critical pathway for proper neuronal differ- 
entiation of progenitors, highlighting a potential mecha- 
nism for neurodevelopmental defects observed in DS. 

Results 

Over expression of DYRK1A and DSCR1 results 
in decreased neuronal differentiation of cortical 
progenitors 

During the development of the mammalian brain, neu- 
ral progenitor cells located in the ventricular zone (VZ) 
surrounding the ventricles give rise to neurons. In the 



developing neocortex, newborn neurons migrate radially 
from their birthplace in the VZ toward the pia through 
the intermediate zone (IZ) to form the cortical plate (CP). 
To examine the expression pattern of Dyrkla and Dscrl, 
two genes within human chromosome 21, in developing 
mouse brains, we performed in situ hybridization analysis 
using an antisense probe to the mRNAs of the two genes. 
In agreement with previous studies (Hammerle et al. 
2008), Dyrkla was expressed at the proliferative regions 
surrounding the ventricles at embryonic day 10 (E10) 
(Fig. 1A). In addition, Dscrl shows an expression pattern 
similar to Dyrkla (Fig. 1A). Furthermore, intense expres- 
sions of Dyrkla and Dscrl were detected in the VZs of E14 
mouse neocortices (Fig. 1A). Also, DYRK1A and DSCR1 
immunoreactivities were detected in almost all cortical 
progenitors (Supplemental Fig. SI), suggesting that these 
genes are expressed in cortical progenitors. 

In the fetal DS brain, DYRK1A and DSCR1 are over- 
expressed (Guimera et al. 1999; Fuentes et al. 2000). We 
then sought to determine the potential effect of DYRK1 A 
and DSCR1 overexpression on neurogenesis. For this, 
plasmids encoding DYRK1A and DSCR1 were electro- 
porated, together with the GFP-expressing plasmid, into 
the VZ of El 1 mouse brains. In the control cortices at E13, 
the majority of GFP-labeled cells were located in the IZ 
and CP, and fewer cells remained in the VZ (VZ: 1 7.6% ± 
2.3%; IZ: 50.9% ± 2.0%; CP: 31.5% ± 4.1%; n = 3 
embryos) (Fig. 1B,C). When either DYRK1A or DSCR1 
was singly electroporated at a concentration of 1 .0 juug/ |jlL 
plasmid (Fig. 1D,E), a normal distribution pattern of GFP- 
labeled cells was observed. To our surprise, when both 
DYRK1A and DSCR1 (0.5 ixg/juuL plasmid each) were 
introduced, a sizable population of GFP-positive cells 
remained in the VZ (VZ: 35.3% ± 3.1%, P < 0.05 vs. con- 
trol by a Student's £-test ; IZ: 50.1% ± 2.0%; CP: 14.5% ± 
1.2%, P < 0.05 vs. control by a Student's £-test ; n = 3 
embryos) (Fig. 1B,C). To determine whether the increase 
in the VZ remaining cell fraction is due to decreased 
neuronal differentiation of cortical progenitors, GFP- 
labeled cells were immunostained with Pax6, a marker 
for apical progenitors (Gotz et al. 1998), and Tbrl, a marker 
for early-born cortical neurons (Bulfone et al. 1995). A 
Pax6-positive population of GFP-labeled cells in DYRK1 A- 
and DSCR1 -introduced neocortices was remarkably in- 
creased, as compared with that in control neocortices 
(control, 9.4% ± 1.0%; DYRK1A/DSCR1, 31.5% ± 
3.6%; n = 3 embryos) (Fig. 1B,H). On the other hand, 
a significant decrease in a proportion of Tbrl -positive 
cells (control, 30.7% ± 0.4%; 0.5 |jig/|jiL DYRK1A/ 
DSCR1, 17.0% ± 0.4%; n = 3 embryos) was found (Fig. 
1C,H). Furthermore, increasing the concentration of the 
plasmids electroporated (1.0 jjug/juuL plasmid each) exacer- 
bated the abnormalities (Pax6: 34.5% ± 1.0%; Tbrl: 
12.6% ± 0.8%; n = 3 embryos) (Fig. 1B,C,H), suggesting 
the dose-dependent effect of these proteins on the pheno- 
type. These results suggest that DYRK1A and DSCR1 
overexpression results in a decreased propensity for pro- 
genitors to differentiate into neurons. 

We also assessed a fraction of S-phase cells in GFP- 
labeled cells after a short-term BrdU pulse. A BrdU- 
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Figure 1. Overexpression of DYRK1 A and DSCR1 results in decreased cortical progenitor differentiation. (A) Expression of Dyrkla and 
Dscrl in the developing brain. In situ hybridization analyses with Dyrkla and Dscrl probes were carried out on sections of E10 embryos 
and E14 brains. Images of the horizontal sections of E10 embryos [left panels) and coronal sections of El 4 neocortices {right panels) are 
shown. Bars: in E10 sections, 500 |xm; in E14 sections, 200 fxm. [B-E) Plasmids encoding DYRK1A and/or DSCR1 were electroporated, 
together with the GFP-expressing plasmid, in Ell embryos. Thereafter, the E13 brain sections were immunostained with antibodies 
against Pax6 {B,D) and Tbrl (C,£). Images of the entire cerebral wall are shown. Plasmids were electroporated, and their concentrations 
are indicated above the images. Bar, 50 |xm. [F,G) Plasmids encoding DYRK1A and DSCR1 were electroporated, together with the GFP- 
expressing plasmid, in Ell embryos. BrdU was administrated at E12, and brains were fixed 30 min after the BrdU pulse labeling. The 
brain sections were then immunostained with antibodies against GFP, BrdU, and Sox2 (i 7 ) and phospho-Histone H3 (PH3) (G). Images of 
the entire cerebral wall are shown. Plasmids were electroporated, and their concentration are indicated. Bars, 50 |xm. [H) Quantification 
of a fraction of GFP-positive cells that was also positive for Pax6, Tbrl, BrdU, and PH3. Data are presented as mean ± SEM [n = 3-4 
embryos for each group). (*) P < 0.05; (**) P < 0.01; (***) p < 0.001 versus control by a two-tailed Student's £-test. The concentration of 
electroporated plasmids for DYRK1A and DSCR1 (in micrograms per microliter) is presented in brackets. 



positive fraction of GFP-labeled cells was significantly 
increased by DYRK1 A and DSCR1 overexpression (Fig. 
1F,H). Also, a phospho-histone H3-positive, M-phase cell 
fraction was increased (Fig. 1G,H). Thus, increased do- 
sage of DYRK1A and DSCR1 in progenitors results in 
decreased neuronal differentiation and concomitant cell 
cycle re-entry. In addition, we did not observe any increase 
in cleaved caspase 3 -positive cells following DYRK1A 
and DSCR1 overexpression (Supplemental Fig. S2A,B), 
indicating that apoptosis does not account for the pheno- 
types observed. We also found that almost all of the 
DYRK1A- and DSCR1 -introduced cells became located 
in the CP and differentiated into neurons by El 6 (see 
below). Taken together, we conclude that DYRK1A and 
DSCR1 overexpression delays neuronal differentiation 
of neural progenitors. 

We next assessed the protein levels of DYRK1A and 
DSCR1 in cortical progenitors electroporated. For this, 



a neocortical cell culture was prepared from the El 4 
brains electroporated at El 5 and then immunostained at 
DIV1 (1 d in vitro) with antibodies against DYRK1A and 
DSCRL Consistent with a previous study (Hammerle 
et al. 2008), DYRK1A was located in both the cytoplasm 
and nucleus, whereas DSCR1 was predominantly present 
in the cytoplasm. DYRK1A immunofluorescence inten- 
sities in DYRKlA-introduced progenitor cells were 1.40- 
fold ± 0.07-fold (0.5 |JLg/|JiL plasmid electroporated) and 
1.90-fold ± 0.10-fold (1.0 jjug/juuL plasmid electroporated) 
above the endogenous levels (Supplemental Fig. S3A,C). 
On the other hand, DSCR1 immunofluorescence inten- 
sities in DSCR1 -introduced progenitor cells were 1.59- 
fold ± 0.10-fold (0.5 |JLg/|JiL plasmid electroporated) and 
2.01 -fold ± 0.13-fold (1.0 iJig/uX plasmid electroporated) 
above the endogenous levels (Supplemental Fig. S3B,D). 
In addition, coexpression of DYRK1A and DSCR1 had 
almost no effect on each other's expression and subcellular 
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distribution (Supplemental Fig. S3E-G). These results sug- 
gest that an ~ 1.5-fold modest increase of both DYRK1A 
and DSCR1 impairs normal neuronal differentiation. 

Overexpression of DYRK1A and DSCR1 in progenitors 
alters laminar fate of their neuronal progeny 

In the developing neocortex, the laminar fates of pro- 
jection neurons are highly correlated with their birthdate,- 
early-born neurons are destined for deeper-layer neurons, 
whereas later-born neurons become upper-layer neurons. 
Therefore, it is expected that a delay in neuronal differ- 
entiation of progenitors following DYRK1A and DSCR1 
overexpression will cause an alteration of the laminar fate 
of their neuronal progeny. To examine this, El 6 cortices 
electroporated at El 1 were immunostained with Cuxl and 
Tbrl, markers for layer 2-4 neurons and layer 5/6 neurons, 
respectively (Bulfone et al. 1995; Nieto et al. 2004). Note 
that during this period of corticogenesis, Cuxl protein is 
expressed in both progenitors and immature neurons 
destined for layers 2-4 (Nieto et al. 2004). In the control 
cortices, 32.2% ± 1.7% and 48.3% ± 0.9% (n = 3 embryos) 
of GFP-labeled cells were positive for Cuxl and Tbrl, 
respectively (Fig. 2), which is consistent with previous 
reports (e.g., Yoshida et al. 2010; Dominguez et al. 2013). In 
the DYRK1A- and DSCR1 -introduced cortices, the loca- 
tion of GFP-labeled cells was relatively more superficial 
than control cells. Also, a Cuxl -positive fraction of GFP- 
labeled cells was remarkably increased, and instead 
a significantly smaller fraction of Tbrl -positive cells was 
detected (Cuxl: 32.2% ± 1.7% vs. 41.5% ± 2.2% in 
control and DYRK1 A/DSCR1, respectively, n = 3 embryos, 
P < 0.05 by a Student's £-test ; Tbrl: 48.3% ± 0.9% vs. 
40.7% ± 1.6% in control and DYRK1A/DSCR1, respec- 
tively, n = 3 embryos, P < 0.05 by a Student's £-test) (Fig. 2). 
In addition, increasing the concentration of the plasmids 
electroporated ( 1 .0 fig/fiL each) exacerbated the phenotype 



(Fig. 2). Taken together, these results confirm that over- 
expression of DYRK1A and DSCR1 in progenitors causes 
delay in their neuronal differentiation, which ultimately 
leads to alteration of laminar positioning and the fate of 
their neuronal progeny. 

Overexpression of DYRK1A and DSCR1 inhibits 
NFATc activity to delay neuronal differentiation 
in progenitor cells 

NFATc is a transcription factor regulated by its phosphor- 
ylation/dephosphorylation (Crabtree 1999). It is known 
that the phosphorylated form of NFATc, which is retained 
in the cytoplasm, enters the nucleus through its dephos- 
phorylation by Ca 2+ /calcineurin and activates the tran- 
scription (Crabtree 1999). In this activation process, 
DSCR1 inhibits calcineurin and thereby suppresses de- 
phosphorylation and nuclear entry of NFATc (Rothermel 
et al. 2000). On the other hand, nuclear export of NFATc 
is accelerated upon its priming phosphorylation of the 
serine/proline repeats by DYRK1A (Arron et al. 2006; 
Gwack et al. 2006) and subsequent phosphorylation by 
GSK3 (Graef et al. 1999). Of note, in HEK cells, over- 
expression of DYRK1A and DSCR1 synergistically pre- 
vents NFATc-dependent transcription (Arron et al. 2006). 
Four members of NFATc (NFATcl-4) have been identified 
in mammals (Muller and Rao 2010), and multiple NFATc 
family members were found to be expressed in the VZ in 
the developing neocortex (Supplemental Fig. S4). This 
raised the possibility that NFATc is a potential candidate 
mediating the effects of DYRK1 A and DSCR1 overexpres- 
sion in cortical progenitors. We then examined the poten- 
tial effect of DYRK1 A and DSCR1 overexpression on sub- 
cellular distribution of NFATc in cortical progenitor cells. 
For this purpose, the plasmids encoding GFP-NFATc4, 
DYRK1A, and/or DSCR1 were electroporated into the 
VZ of E14 brains, and the neocortical cell culture prepared 
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Figure 2. Overexpression of DYRK1 A and DSCR1 
in progenitors causes alteration of their laminar 
fate. [A-C) Plasmids encoding DYRK1A and 
DSCR1 were electroporated in Ell embryos, to- 
gether with the GFP-expressing plasmid. The E16 
brain sections were then immunostained with 
antibodies against Cuxl (A) and Tbrl (5). Images 
of the entire cerebral wall are shown. The plasmids 
were electroporated, and their concentrations 
are indicated above the images. Bar, 50 |xm. 
(C) Quantification of a fraction of GFP-positive 
cells that was also positive to Cuxl and Tbrl. 
Data are presented as mean ± SEM [n = 3 embryos 
for each group). (*)P<0.05 ; (**)P<0.01 ; (***)P< 
0.001 versus control by a two-tailed Student's 
t-test. The concentration of electroporated plas- 
mid for DYRK1A and DSCR1 (in micrograms per 
microliter) is presented in brackets. 
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from the E15 brains was immunostained at DIV2 to 
examine the subcellular distribution of GFP-NFATc4. We 
found that the nuclear occupancy of GFP-NFATc4 was 
decreased when both DYRK1A and DSCR1 were intro- 
duced, whereas expression of either of these genes had no 
significant effect on GFP-NFATc4 distribution (Fig. 3A-C). 
When cortical progenitor cells were treated with ionomycin, 
which increases the intracellular Ca 2+ level, nuclear oc- 
cupancy of NFATc4 was strongly enhanced (Fig. 3D). 
Even in this condition, introduction of both DYRK1A 
and DSCR1 diminished nuclear localization of GFP- 
NFATc4 (Fig. 3D,E). These results indicate that over- 
expression of DYRK1A and DSCR1 cooperatively reduces 
nuclear NFATc in progenitors. 

We then asked whether inhibition of NFATc activity in 
neural progenitors might result in delayed neuronal differ- 
entiation, like overexpression of DYRK1A and DSCR1. As 
multiple NFATc family members are expressed in cortical 



progenitors, we used a dominant-negative form of NFATc 
(DN-NFATc4) that blocks nuclear translocation of NFATc 
members by interfering their interaction with calcineurin 
(Chow et al. 1999; van Rooij et al. 2002). In fact, when DN- 
NFATc4 and GFP-tagged wild-type NFATc4 were cointro- 
duced in cortical progenitors, nuclear entry of wild-type 
NFATc was prevented even when the progenitor cells were 
treated with ionomycin (Fig. 4A). We then introduced DN- 
NFATc4 into the VZ of Ell embryos and harvested the 
embryos at E13 and E16. In the DN-NFATc4-introduced 
E13 neocortices, a significantly larger fraction of GFP- 
labeled cells was positive for Pax6 (9.6% ± 0.5% vs. 36.4% ± 
2.0% in control and DN-NFATc4, respectively,- n = 3-5 
embryos,- P < 0.001 by a Student's t-test), whereas a smaller 
fraction of the cells was Tbrl-positive (32.7% ± 2.9% vs. 
11.4% ± 1.2% in control and DN-NFATc4, respectively,- 
n = 3-4 embryos,- P < 0.001 by a Student's t-test) (Fig. 4B-D). 
In addition, we did not observe any increase in cleaved 
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Figure 3. Overexpression of DYRK1A and 
DSCR1 affects nuclear occupancy of NFATc4 
in cortical progenitor cells. (A) Plasmids 
expressing the indicated proteins were elec- 
troporated, together with the GFP-NFATc4- 
expressing plasmid, in E14 embryos. Neocor- 
tical cell cultures were then prepared from the 
E15 brains. Neocortical cells were fixed at 
DIV2 and immunostained with antibodies 
against GFP (green) and Sox2 (blue). Repre- 
sentative images are shown. Bar, 20 |xm. 

[B) Magnified views of the cells indicated by 
arrowheads a'-f in A are shown. Bar, 10 |jim. 

(C) GFP fluorescence intensity of the nucleus 
and cytoplasm in individual GFP-labeled cells 
was measured, and the ratio of the intensity 
values is plotted. (** *) P < 0.001 versus control 
by a two-tailed Welch's t-test. [D,E) An exper- 
iment similar to the one in A was performed in 
the presence of ionomycin. At DIV2, neocor- 
tical cells were treated with ionomycin (final 
concentration, 2 fxM) for 1 h. Representative 
images are shown in D. Bar, 20 |xm. (E) GFP 
fluorescence intensity of the nucleus and cy- 
toplasm in individual GFP-labeled cells was 
measured, and the ratio of the intensity values 
is plotted. (***) p < 0.001 versus control by 
a two-tailed Welch's t-test. 
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Figure 4. Interfering with NFATc activity 
impairs normal neuronal differentiation. [A) 
Plasmids expressing DN-NFATc4, together 
with plasmids encoding GFP-NFATc4 and 
mCherry, were electroporated in E14 embryos. 
Neocortical cell cultures were then prepared 
from the E15 brains. At DIV2, neocortical cells 
were treated with ionomycin (final concentra- 
tion, 2 jxM) for 1 h, fixed, and immunostained 
with antibodies against GFP (green) and Sox2 
(blue). Representative images are shown. Bar, 
20 |jim. GFP fluorescence intensity of the 
nucleus and cytoplasm in individual GFP- 
labeled cells was measured, and the ratio of 
the intensity values is plotted on the right. 
(***) p < 0.001 versus control by a two-tailed 
Welch's t-test. (B-G) A plasmid expressing 
either control or DN-NFATc4 was electropo- 
rated, together with the GFP-expression plas- 
mid, in Ell embryos, and the E13 (B-D) and 
E16 [E-G) brain sections were immunostained 
with the various antibodies indicated. (B,C) 
E13 brain sections immunostained with anti- 
bodies against Pax6 [B] and Tbrl (C). Images of 
the entire cerebral wall electroporated with 
control [left panels) or DN-NFATc4 (light 
panels) are shown. Bar, 50 fxm. [D] Quantifica- 
tion of a fraction of GFP-positive cells that was 
also positive for Pax6 and Tbrl . ( * * * ) P < 0.001 
versus control by a two-tailed Student's £-test. 
(E,F) El 6 brain sections immunostained with 
antibodies against Cuxl [E] and Tbrl [F). 
Images of the entire cerebral wall electro- 
porated with control [left panels) or DN- 
NFATc4 [right panels) are shown. Bar, 50 fxm. 
(G) Quantification of a fraction of GFP-positive 
cells that was also positive for Cuxl and Tbrl. 
(**) P < 0.01 versus control by a two-tailed 
Student's t-test. In the graphs, data are pre- 
sented as mean ± SEM [n = 3-5 embryos for 
each group). 



caspase 3 -positive cells following DN-NFATc4 electropo- 
ration, excluding apoptosis as an explanation for the ob- 
served phenotypes (Supplemental Fig. S2C). Furthermore, 
in the E16 cortices, a fraction of GFP-labeled cells that 
were also positive for Cuxl was significantly increased 
following DN-NFATc4 electroporation (33.1% ± 2.3% vs. 
52.0% ± 2.8% in control and DN-NFATc4 ; n = 3-4 
embryos,- P < 0.01 by a Student's t-test) (Fig. 4E,G). On 
the other hand, a Tbrl -positive fraction was significantly 
decreased (51.2% ± 1.7% vs. 30.4% ± 3.6% in control and 
DN-NFATc4, respectively,- n = 3 embryos,- P < 0.01 by a 
Student's t-test) (Fig. 4F,G). These observations indicate 
that blockage of NFATc causes a delay in neuronal 
differentiation of progenitors, like DYRK1 A and DSCR1 
overexpression. 

To further inspect whether delay in neuronal differen- 
tiation following DYRK1 A and DSCR1 overexpression is 



caused by dysregulation of NFATc, we attempted to rescue 
the phenotype of DYRK1 A and DSCR1 overexpression by 
gain of function of NFATc. For this purpose, we used 
a constitutively active form of NFATc4 (CA-NFATc4) that 
lacks most of its regulatory domain and no longer requires 
Ca 2+ /calcineurin to become active (Molkentin et al. 1998). 
When CA-NFATc4 was expressed in cortical progenitors, 
C A-NFATc4 was predominantly found in the nucleus even 
in the condition where DYRK1A and DSCR1 were over- 
expressed (Supplemental Fig. S5A). We then introduced 
CA-NFATc4 together with DYRK1A and DSCR1 into the 
VZ of Ell embryos and harvested the embryos at E13 or 
El 6. In the E13 neocortices, coexpression of CA-NFATc4 
almost completely reversed the abnormalities seen with 
the introduction of DYRK1A and DSCR1; the proportion 
of GFP-labeled cells positive for Pax6 was reduced, and 
instead the fraction of Tbrl -positive cells was increased to 
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levels comparable with control (Fig. 5A-C). In addition, we 
did not observe any increase in cleaved caspase 3-positive 
cells following CA-NFATc4 overexpression (Supplemental 
Fig. S2D). Moreover, in the E16 cortices, we found that 



cointroduction of C A-NFATc4 almost completely reversed 
the abnormalities (i.e., increased the Cuxl -positive frac- 
tion and decreased the Tbrl -positive fraction) seen with 
introduction of DYRK1 A and DSCR1 (Fig. 5D-F). Of note, 




Figure 5. Delay in neuronal differentiation following DYRK1 A and DSCR1 overexpression is rescued by coexpression of CA-NFATc4. 
[A-C) Plasmids expressing DYRK1A, DSCR1, and CA-NFATc4 were electroporated, together with the GFP-expression plasmid, in Ell 
embryos, and the E13 brain sections were immunostained with antibodies against Pax6 (A) and Tbrl [B). Images of the entire cerebral 
wall are shown. Bar, 50 |xm. Quantification of a fraction of GFP-positive cells that was also positive for Pax6 and Tbrl is plotted in C. 
Similar quantification was performed in control plasmid-introduced brains (see Fig. 1), and the data are also presented in the graph. Data 
are presented as mean ± SEM [n = 3-5 embryos for each group). (D-F) Plasmids expressing DYRK1A, DSCR1, and CA-NFATc4 were 
electroporated, together with the GFP-expression plasmid, in Ell embryos, and the E16 brain sections were immunostained with 
antibodies against Cuxl (D) and Tbrl (£). Images of the entire cerebral wall are shown. Bar, 50 |xm. Quantification of a fraction of GFP- 
positive cells that was also positive for Cuxl and Tbrl is plotted in F. Similar quantification was performed in control plasmid- 
introduced brains (see Fig. 2), and the data are also presented in the graph. Data are presented as mean ± SEM [n = 3-5 embryos for each 
group). (*) P < 0.05; (**) P < 0.01; (***) P < 0.001, by a two-tailed Student's t-test. 
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when the expression plasmid encoding CA-NFATc4 was 
solely electroporated into the VZ of Ell embryos, we ob- 
served no significant effect on fractions of GFP-labeled 
cells that were also positive for Pax6/Tbrl at E13 and Cuxl / 
Tbrl at El 6 (Supplemental Fig. S5B-G). Taken together, 
these results suggest that delayed neuronal differentiation 
induced by an increased dosage of DYRK1A and DSCR1 in 
progenitors is mediated by attenuation of NFATc. 

Modulation of dysregulated DYRKlA/DSCRl/NFATc 
ameliorates the delayed neuronal differentiation 
observed in a mouse model of DS 

TslCje mice, a widely used mouse model of DS, are 
trisomic for large segments of mouse chromosome 16, 
which is orthologous to human chromosome 21. The large 
segments contain DYRK1A and DSCR1 genes (Sago et al. 
1998). As expected, the protein levels of DYRK1A and 
DSCR1 are increased to 1.49-fold ± 0.10-fold and 1.85- 
fold ± 0.21 -fold, respectively, in the E13 neocortices of 
TslCje embryos (Fig. 6A-C). We then sought to inspect the 
nuclear level of NFATc4 to examine potential dysregula- 
tion of the DYRK1A/DSCR1 -NFATc pathway in TslCje 
mice. The nuclear level of NFATc4 was decreased to 0.66- 
fold ± 0.03 -fold, and the phosphorylation level of cyto- 
plasmic NFATc4 was increased (Fig. 6D,E). These results 
underscore significant attenuation of the NFATc pathway 
in the developing neocortices of TslCje mice. 

It has been demonstrated that neuronal differentiation 
is delayed in the neocortices of TslCje mice (Ishihara 
et al. 2010). We therefore inspected delayed neuronal 
differentiation in the mice by several methods. First, we 
electroporated plasmids encoding GFP into the VZ of 
TslCje brains at Ell and harvested the embryos at E13 
and El 6. InE13 neocortices of TslCje mice, a significantly 
larger fraction of GFP-labeled cells was positive for Pax6 
when compared with euploid, whereas a smaller fraction 
of the cells was Tbrl -positive (Fig. 6F-H). On the other 
hand, in El 6 cortices, a significantly larger fraction of 
GFP-labeled cells was positive for Cuxl when compared 
with euploid (Fig. 6I,K). In addition, the fraction of Tbrl- 
positive cells significantly decreased (Fig. 6J,K). These re- 
sults suggest a delay in neuronal differentiation of pro- 
genitors in the TslCje neocortices. We also inspected cell 
cycle exit of progenitors. To this end, embryos were electro- 
porated with the GFP construct at El 3, pulse-labeled with 
BrdU at El 4, and harvested at El 5 followed by immuno- 
staining with antibodies to GFP, BrdU, and Ki67 (a marker 
for proliferating cells). We estimated the cell cycle exit 
index of GFP-labeled cells as the ratio of GFP + /BrdU + / 
Ki67" cells to GFP + /BrdU + cells (Chenn and Walsh 2002). 
Consistent with the previous study (Ishihara et al. 2010), 
we observed a significant decrease in the cell cycle exit 
index (population of GFP-labeled cells exiting the cell 
cycle) in the TslCje neocortices (Fig. 6L,M). Thus, neural 
progenitors in the TslCje neocortices show delayed cell 
cycle exit and thereby neuronal differentiation, confirming 
the previous study (Ishihara et al. 2010). 

We then sought to determine whether the deficit in 
neuronal differentiation is due to dysregulation of the 



DYRK1 A/DSCRl-NFATc pathway. To test this, we exam- 
ined the effect of reduction of the DYRK1A and DSCR1 
expression on cell cycle exit of progenitors in TslCje 
brains. For this purpose, DNA-based RNAi plasmids that 
express shRNAs against DYRK1A and DSCR1 were gen- 
erated. We identified two different shRNA constructs 
capable of silencing the expression of DYRK1 A and DSCR1 
that was transiently expressed in HEK293T cells (Supple- 
mental Fig. S6A,B). Also, these shRNA constructs silenced 
endogenous proteins in cultured neural progenitor cells 
(Supplemental Fig. S6C,D). When the shRNA construct of 
either DYRK1 A or DSCR1 was introduced into the TslCje 
brains, the fraction of GFP-positive cells that exited the cell 
cycle was increased to levels comparable with that of 
control GFP-labeled cells in euploid mice (Fig. 7A,C). In 
addition, coelectroporation of the two shRNA constructs 
showed no additive effect (Fig. 7B,C). On the other hand, 
introduction of the DYRK1A shRNA-resistant mutant 
or the DSCR1 shRNA-resistant mutant (Supplemental 
Fig. S6E,F) did not reverse the increased cell cycle exit 
index induced by depletion of both DYRK1 A and DSCR1, 
whereas introduction of both the DYRK1A and DSCR1 
mutants did rescue the phenotype (Fig. 7B,C). Together, 
these data suggest that increased dosage of both DYRK1 A 
and DSCR1 contributes to a neuronal differentiation def- 
icit in TslCje mice. Of note, the effect of depletion of 
DYRK1 A and DSCR1 was specific to the TslCje brains, as 
neither DYRK1 A shRNA nor DSCR1 shRNA had a signif- 
icant effect on the cell cycle exit index in the brains of 
euploid litter mates (Supplemental Fig. S7A,C). 

Finally, we attempted to rescue the neuronal differen- 
tiation deficit by expressing CA-NFATc. We found that 
a decrease in the fraction of cells exiting the cell cycle in 
the TslCje neocortices was reversed when CA-NFATc4 
was electroporated (Fig. 7D,E). Furthermore, when the ex- 
pression plasmid encoding CA-NFATc4 was electropo- 
rated into euploid brains, no significant effect on fractions 
of GFP-labeled cells exiting the cell cycle was observed 
(Supplemental Fig. S7B,D). Altogether, dysregulation of 
the NFATc pathway by an increased dosage of both 
DYRK1A and DSCR1 is a key mechanism underlying 
delayed neuronal differentiation in TslCje mice. 

Discussion 

DYRK1A and DSCR1 lie in the human chromosome 21 
and are candidate genes for trisomy 21, DS. In this study, 
we examined the effect of DYRK1A and DSCR1 over- 
expression on neurogenesis. We found that modest (~ 1.5- 
fold to 2.0-fold) overexpression of DYRK1A and DSCR1 
in cortical progenitors caused a delay in neuronal differ- 
entiation of progenitors, resulting in alteration of their 
laminar fate (i.e., reduced proportion of early-born neu- 
rons and increased proportion of later-born neurons 
generated). Importantly, these abnormalities are exacer- 
bated by increasing amounts of DYRK1A and DSCR1 in 
progenitors. Furthermore, we linked increased dosage of 
DYRK1A and DSCR1 to reduced nuclear levels of tran- 
scription factor NFATc. It is known that nuclear export of 
the NFATc family of transcription factors is accelerated 
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Figure 6. Alteration of DYRK1A/DSCR1 levels, NFATc activity, and neuronal differentiation in neocortical progenitors in TslCje 
mice. [A-E) Whole-cell lysates [A), cytoplasmic fractions, and nuclear fractions [D) of the E13 neocortex of TslCje mice and euploid 
littermates were subjected to immunoblotting with the antibodies indicated. (TBP) TATA-binding protein. The quantified band intensity 
was plotted in B, C, and E (mean ± SEM; n = 4 for euploid; n = 3 for TslCje). The mean values of the band intensities of euploid mice were 
set to 1. (F-K) The plasmids expressing GFP were introduced into Ell embryos of TslCje and euploid littermates, and the E13 [F-H] and 
E16 [I-K) brain sections were immunostained with the various antibodies indicated. [F,G) E13 brain sections immunostained with 
antibodies against Pax6 (F) and Tbrl (G). Images of the entire cerebral wall are shown. Bars, 50 |xm. [H] Quantification of a fraction of GFP- 
positive cells that was also positive for Pax6 and Tbrl. Data are presented as mean ± SEM [n = 3 embryos for each group). (**) P < 0.01; 
(***) p < o.OOl versus control by a two-tailed Student's t-test. (I, J] E16 brain sections immunostained with antibodies against Cuxl (J) and 
Tbrl (/). Images of the entire cerebral wall are shown. Bars, 50 |xm. (K) Quantification of a fraction of GFP-positive cells that was also 
positive for Cuxl and Tbrl. Data are presented as mean ± SEM [n = 3 embryos for each group). (*) P < 0.05; (* *) P < 0.01 versus control by 
a two-tailed Student's t-test. (L) The plasmids expressing GFP were introduced into E13 embryos of TslCje and euploid littermates. BrdU 
was administrated at E14, and the brains were fixed 24 h after the BrdU administration. Brain sections were then stained with antibodies 
against BrdU, Ki67, and GFP. GFP-positive cells labeled with both BrdU and Ki67 (arrowheads) are progenitor cells remaining in the cell 
cycle. GFP-positive cells labeled with BrdU but not Ki67 (arrows) are cells that exited the cell cycle. Bar, 50 |xm. (M) Cell cycle exit index. 
Data are presented as mean ± SEM [n = 3 embryos for each group). (**) P < 0.01 versus euploid by a two-tailed Student's t-test. 
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Figure 7. Modulation of DYRK1A/DSCR1 and NFATc ameliorates reduced cell cycle exit in progenitors in the TslCje neocortex. [A,B) 
E13 TslCje embryos were electroporated with plasmids encoding GFP, DYRK1A shRNA, and DSCR1 shRNA with or without plasmids 
expressing shRNA-resistant DYRK1A and DSCR1 mutants, as indicated. BrdU was administrated at E14, and brains were fixed 24 h 
after the BrdU administration. Brain sections were then stained with antibodies against BrdU, Ki67, and GFR Bar, 50 |xm. (C) Cell cycle 
exit index. Data are presented as mean ± SEM [n = 3-5 embryos for each group). [D] E13 TslCje embryos were electroporated with 
plasmids encoding GFP and CA-NFATc4. BrdU was administrated at El 4, and the brains were fixed 24 h after the BrdU administration. 
Brain sections were then stained with antibodies against BrdU, Ki67, and GFP. Bar, 50 |xm. (£) Cell cycle exit index. Data are presented 
as mean ± SEM [n = 3-4 embryos for each group). (*) P < 0.05; (**) P < 0.01, by a two-tailed Student's t-test. 



upon its phosphorylation by DYRK1 A (Arron et al. 2006; 
Gwack et al. 2006) and that their nuclear import is sup- 
pressed by DSCR1 through deactivation of calcineurin 
(Ryeom et al. 2008), an important regulator for nuclear 
entry of NFATc. Consistently, we found that over expres- 
sion of DYRK1A and DSCR1 diminished nuclear occu- 
pancy of NFATc in progenitors. Furthermore, decreased 
neuronal differentiation and thus reduced early-born neu- 
rons upon DYRK1A and DSCR1 over expression were 
phenocopied by inhibition of NFATc activity. Importantly, 
the abnormalities induced by DYRK1 A and DSCR1 over- 



expression are almost completely reversed by expression 
of the constitutive active form of NFATc. Taken together, 
the cooperative actions of DYRK1 A and DSCR1 are dose- 
sensitive, and proper maintenance of the activity of the 
DYRKlA/DSCRl-regulated NFATc pathway in progeni- 
tors is critical for normal neuronal differentiation. 

Mouse models of DS have been generated recently by 
duplications of parts of mouse chromosomes that are 
orthologous to human chromosome 21. These mice display 
variable abnormalities seen in DS. Studies on neocortical 
development in TslCje and Ts65Dn mouse models, which 
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are trisomic for large segments (including Dyrkla and 
Dscrl genes) of mouse chromosome 16, revealed multiple 
defects in neural progenitors, such as delayed neuronal 
differentiation, as evidenced by a decreased cell cycle 
exit index, and fewer early-born neurons generated 
(Chakrabarti et al. 2007; Ishihara et al. 2010; this study). 
The present study linked the neurogenic defects observed 
in the DS mouse model to dysregulation of DYRK1A/ 
DSCR1 and NFATc. We found increased levels of 
DYRK1A/DSCR1 and attenuation of NFATc activity in 
the developing neocortices in TslCje mice. Furthermore, 
the reduced cell cycle exit of progenitor cells in TslCje 
mice was reversed to a level comparable with euploid 
littermates upon depletion of DYRK1A/DSCR1 and acti- 
vation of NFATc. Thus, attenuation of NFATc by increased 
dosage of DYRK1 A and DSCR1 is likely a key mechanism 
responsible for delayed neuronal differentiation in cortical 
progenitors in the DS mouse model. During development 
of the mammalian neocortex, the neurogenic phase is 
followed by the gliogenic phase, during which progenitors 
transform into astrocytes. In this context, delayed neuro- 
nal differentiation by overexpression of DYRK1A and 
DSCR1 may postpone the onset of neuronal production, 
and, if glial differentiation takes place in a timely manner, 
this may shorten the neurogenic phase and lead to reduced 
neuronal production. Together, the present study uncovers 
a potential mechanism underlying neurodevelopmental 
defects in the DS brain: delayed neuronal differentiation 
and reduced production of neurons by a pathway that is 
mediated by dysregulation of NFATc upon increased dos- 
age of two genes on human chromosome 21. 

Besides decreased neuronal differentiation in Ts65Dn 
and TslCje mice, lengthening of the cell cycle, a lower 
BrdU-labeling index, and the smaller progenitor pool were 
observed (Chakrabarti et al. 2007; Ishihara et al. 2010). 
These observations together imply that retardation of cell 
cycle progression and decreased cell cycle exit take place 
simultaneously in these model mice. In the present study, 
we found that a BrdU-positive fraction of GFP-labeled, 
Sox2-positive progenitor cells was not significantly 
changed by DYRK1 A and DSCR1 overexpression (50.0% ± 
4.6% vs. 47.1 % ± 3.1 % in control and 0.5 |jig/|jiL DYRK1 A/ 
DSCR1, respectively,- n = 3-4 embryos,- P = 0.58 by a 
Student's t-test) (see Fig. IF), suggesting that cell cycle 
progression of progenitors was not significantly affected by 
DYRK1A and DSCR1 overexpression. In this regard, it is 
likely that a modest increase in DYRK1A and DSCR1 
affects progenitor differentiation, but not cell cycle pro- 
gression of progenitors, and that a defect in progenitor 
proliferation in DS model mice may result from triplica- 
tion of genes other than DYRK1A and DSCRL In con- 
junction with delayed neuronal differentiation exerted by 
increased dosage of DYRK1A and DSCR1, impaired pro- 
liferation (Chakrabarti et al. 2007; Ishihara et al. 2010) as 
well as enhanced glial differentiation (Moldrich et al. 2009; 
Lu et al. 2011) may also influence the total number of 
neurons and neuronal density by mechanisms that remain 
to be explored. 

Of note, a previous study has demonstrated that, in con- 
trast to our study, DYRK1A electroporation in the mouse 



neocortex suppressed progenitor proliferation via misre- 
gulation of cell cycle regulators and leads to precocious 
neuronal differentiation that is not seen in DS model mice 
(Yabut et al. 2010). Since expression levels of DYRK1A 
were not examined in progenitors in Yabut et al. (2010), we 
presumed that a much higher dosage of DYRK1 A might 
be expressed in their study, thereby causing a different 
phenotype. To test this idea, we electroporated a higher 
concentration (5 jjug/juuL) of the DYRK1 A- expressing plas- 
mids in progenitors. As evidenced by a decreased BrdU- 
positive fraction and increased Tbr2-positive fraction, 
we found precocious differentiation of progenitors (Sup- 
plemental Fig. S8). Our findings are in agreement with 
the study by Yabut et al. (2010) and imply that levels 
of DYRK1A dosage influence downstream pathways 
differently. 

Considering the present results, it is assumed that in 
certain DS phenotypes, increased dosage of single genes 
on human chromosome 21 is not sufficient for DS path- 
ogenesis and that cooperative actions of multiple genes are 
required. Further analyses of cross-talk of molecular path- 
ways elicited by increased dosage of genes in human 
chromosome 21 may provide novel insights into the 
molecular/cellular basis underlying DS. 

Materials and methods 

Animals 

The TslCje mice were a kind gift from Dr. Kazuhiro Yamakawa 
(RIKEN, Brain Science Institute). The TslCje mice were main- 
tained by crossing carrier males with C57BL/6J females. A 
genotyping of a TslCje mouse was performed by PCR as pre- 
viously described (Amano et al. 2004). All mice were housed 
under a 12-h light-12-h dark cycle and ad libitum access to food 
and water. All animal experiments were conducted in accordance 
with guidelines set by The University of Tokyo and approved 
(permit no. 21-01) by the Committee on Animal Care and Use of 
the Graduate School of Science at The University of Tokyo. 

Plasmids 

The pCAGIG plasmid (expressing GFP under the control of 
the CAG promoter) and pBS/U6 plasmid are kind gifts from 
Dr. Takahiko Matsuda (Kyoto University) and Dr. Yang Shi 
(Harvard Medical School), respectively. For generating a plasmid 
expressing mCherry under the control of the CAG promoter, the 
full-length ORF of mCherry was subcloned into a pCAGEN 
plasmid (a kind gift from Dr. Takahiko Matsuda). The full-length 
ORF of mouse Dyrkla, Dscrl isoform 1 (Dscrl. 1), and Nfatc4 
was amplified by PCR with Pfu Turbo polymerase (Stratagene) 
from cDNA derived from E13 mouse cortices and subcloned 
into the pCAGEN plasmid. The primers used for these were as 
follows: for Dyrkla, 5 ' -CGAATTCGCCACCATGCATACAGG 
AGGAGAGAC-3 ' (forward) and 5 ' - AAGCTTGCGGCCGCTC 
AATGTAGTCACGAGCTAG-3 ' (reverse); for Dscrl, 5'-AGAA 
TTCGCC ACCATGGAGGACGGCGTGGCCGGGC-3 ' (forward) 
and 5 ' - AAGCTTGCGGCCGCTCAGCTGAGGTGGATGGGTG 
TG-3' (reverse); and for NFATc4, 5 ' -GAATTCGCCACC ATGGG 
GGCCGCAAGCTGCG-3 ' (forward) and 5 ' - AAGCTTGCGGCC 
GCTC AGGC AGGAGGCTCTTCTC-3 ' (reverse). Plasmids en- 
coding silent mutants of DYRK1A and DSCR1 were generated 
by the QuickChange mutagenesis technique. Plasmids encoding 
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a constitutively active form and a dominant-negative form of 
NFATc4 were PCR-generated using the NFATc4/pCAGEN vector 
as a template and then subcloned into the pCAGEN plasmid. The 
constitutively active form and a dominant-negative form of 
NFATc4 encoded NFATc4 amino acids 317-901 and 1-191, re- 
spectively. For a GFP-NFATc4-expressing plasmid, an oligonucle- 
otide encoding the GFP sequence was fused to the 5' end of the 
full-length NFATc4 coding sequence and subcloned into the 
pCAGEN plasmid. Plasmids encoding DYRK1A and DSCR1 
shRNA were generated by inserting the annealed oligonucleo- 
tides into a pBS/U6 plasmid (Sui et al. 2002) as described (Asada 
et al. 2007). The targets sequenced for RNAi were as follows: for 
DYRK1A shRNA #1, 5'-GAACUUAGUAUCAUUCACUGU-3' ; 
for DYRK1A shRNA #2, 5'-GAGCUAUGGACGUUAAUUUGA- 
3' ; for DSCR1 shRNA #1, 5 ' -GAAGAGAUGGAGAGAAUGAAG- 
3' ; and for DSCR1 shRNA #2, 5 ' -GGGCCAGGAGAGAAGUAU 
GAA-3'. 

Antibodies 

The following antibodies were used for immunostaining: rabbit 
anti-DYRKIA (1:100; Santa Cruz Biotechnology), rabbit anti- 
DSCR1 (1:100; Sigma-Aldrich), rat anti-GFP (1:2000; Nakalai 
Tesque), rabbit anti-GFP (1:1000; MBL), rat anti-BrdU (1:500; 
Funakoshi), mouse anti-BrdU (1:500; Dako), goat anti-Sox2 
(1:200; Santa Cruz Biotechnology), mouse anti-Neurogenin2 
(1:10; a kind gift from Dr. David J. Anderson at the California 
Institute of Technology), rabbit anti-PH3 (1:1000; Upstate Bio- 
technology), rabbit anti-Pax6 (1:1000; Covance), rabbit anti- 
Tbr2 (1:1000; Chemicon), rabbit anti-Tbrl (1:1000; Abeam), 
rabbit anti-Cuxl (1:200; Santa Cruz Biotechnology), and rabbit 
anti-Ki67 (1:250; Novocastra Laboratories). 

The following antibodies were used for immunoblotting: 
rabbit anti-GFP (1:1000; MBL), rabbit anti-DYRKIA (1:2000; 
Santa Cruz Biotechnology), rabbit anti-DSCRl( 1:5000; Sigma- 
Aldrich), rabbit anti-NFATc4 (1:1000, Santa Cruz Biotechnol- 
ogy), rabbit anti-TBP (1:2000; Santa Cruz Biotechnology), mouse 
anti-p-actin (1:20,000; Sigma-Aldrich), and mouse anti-dynein 
intermediate chain (1:50,000; Santa Cruz Biotechnology). 

In situ hybridization 

The full-length ORFs of Dyrkla and Dscrl were subcloned into 
the pBluescriptll KS~ vector. Also, cDNA fragments of Nfatcl 
(139-1140; PubMed NM_016791), Nfatc2 (1186-1948; PubMed 
NM_010899), Nfatc3 (289-1288; PubMed NM_010901), and 
Nfatc4 (243-1242; PubMed NM_023699) were subcloned into 
the pBluescriptll KS~ vector. The cDNA-containing vectors were 
used as templates for sense or antisense cRNA probes, and in situ 
hybridization was carried out as described (Asada et al. 2007). 

In utero electroporation 

DNA solution in PBS containing 0.01% Fast Green was injected 
into the lateral ventricles of mouse embryos. Thereafter, electro- 
poration (five 50-msec square pulse with 950-msec intervals; 
Nepa Gene, CUY21-EDIT) was carried out with forceps-type 
electrodes (Nepa Gene, CUY650P3). The electroporation voltage 
used was 42 V. Final concentrations of the plasmids used were as 
follows: 5 |xg/|JLL plasmids expressing GFP (pCAGIG), DYRK1 A 
(indicated in Figs. 1 and 2 and Supplemental Figs. S2, S3, and 
S8), DSCR1 (indicated in Figs. 1 and 2 and Supplemental Figs. S2 
and S3), 1 jig/ juuL DYRK1 A with silent mutation, 1 \xg/ixL DSCR1 
with silent mutation, 3 ixg/ixL DN-NFATc4, 0.2 |xg/|JLL CA- 
NFATc4, 2 txg/iLL DYRK1 A shRNA, and 2 ^g/jiX DSCR1 shRNA. 
For BrdU-labeling experiments, pregnant dams were injected with 



BrdU (50 |xg per gram of body weight at E12 and 100 |xg per gram 
of body weight at El 4). 

Immunohistochemistry 

Brains were fixed with 4% paraformaldehyde in PBS for 30 min 
at room temperature and cryoprotected in 30% sucrose in PBS 
overnight at 4°C. Thereafter, the brains were embedded in a 
solution of a 2:1 mixture of 30% sucrose/PBS and OCT compound 
(Sakura), frozen by liquid nitrogen, and stored at -80°C until use. 
Thick cryosections (20 |xm) were made. Brain sections were 
washed with PBS, incubated with blocking solution (3% [w/v] 
BSA, 5% [v/v] FBS, 0.2% [w/v] Triton X-100 in PBS), and then 
incubated with primary antibodies overnight at 4°C. The sections 
were then incubated with Alexa 488/Cy3/Cy5-conjugated sec- 
ondary antibodies overnight at 4°C and mounted in a Prolong 
Gold mounting solution (Invitrogen). For staining with Cuxl, 
brain sections were pretreated with HistoVT One solution 
(Nakalai Tesque) for 15 min at 70°C. For staining with BrdU, 
brain sections were pretreated with 4 N HCl for 25 min at room 
temperature. Images were obtained with a 63 X objective (Plan- 
Apochromat, Zeiss) on a Zeiss LSM5 confocal microscope. 

Cell culture and transfection 

For evaluation of DYRK1A and DSCR1 knockdown by shRNA 
constructs, HEK293T cells maintained in 10% FBS/DMEM were 
transiently transfected using Lipofectamine 2000 (Invitrogen). 
Transfections were allowed to proceed for 4-5 h, and then cells 
were cultured in 10% FBS/DMEM for 48 h. The cells were then 
subjected to immunoblotting. For neocortical cell culture, E14 
embryos were electroporated with plasmids encoding GFP, 
DYRK1A, DSCR1, GFP-NFATc4, DN-NFATc4, CA-NFATc4, 
and shRNAs for DYRK1A and DSCRl. Twenty-four hours after 
electroporation, neocortical cells were prepared and cultured as 
described earlier (Sanada and Tsai 2005). Neocortical cells were 
fixed at DIV1 or DIV2 with 4% paraformaldehyde in PBS for 
30 min at 37°C, permeabilized with 0.5% Triton X-100 in PBS 
for 5 min, blocked with 3% BSA/0.2% Triton X-100 in PBS, and 
incubated with primary antibodies in the blocking solution 
overnight at 4°C. The coverslips were then incubated with Alexa 
488/Cy3/Cy5-conjugated secondary antibodies for 2 h at room 
temperature and mounted in a Prolong Gold mounting solution 
(Invitrogen). Fluorescent images were obtained by using Zeiss 
LSM5 confocal microscope. 

Preparation of nuclear and cytoplasmic fraction 

E13 mouse neocortices were homogenized with 9 vol (volume/ 
wet weight of tissue) of buffer A (10 mM HEPES-NaOH, 1 mM 
DTT, 1 mM EDTA, 50 mM NaF, 1 mM Na 3 V0 4 , protease 
inhibitor cocktail [Complete, EDTA-free,- Roche Molecular Bio- 
chemicals] at pH 7.8 at 4°C) using a Dounce homogenizer. The 
homogenate was centrifuged at 700g for 5 min at 4°C, and the 
unsedimented material was collected as a cytoplasmic fraction. 
The resulting pellet (the source of the nuclear fraction) was 
washed with 9 vol (volume/wet weight of tissue) of buffer A and 
suspended with 2 vol (volume/wet weight of tissue) of buffer B 
(20 mM HEPES-NaOH, 2% [v/v] glycerol, 400 mM NaCl, 5 mM 
MgCl 2/ 1 mM DTT, 1 mM EDTA, 50 mM NaF, 1 mM Na 3 V0 4 , 
protease inhibitor cocktail [Complete, EDTA-free,- Roche Molec- 
ular Biochemicals] at pH 7.8 at 4°C). The suspended pellet was 
gently rotated for 30 min at 4°C and centrifuged at 21,600g for 
30 min at 4°C, and the resultant supernatant was collected as 
a nuclear fraction. These cytoplasmic and nuclear fractions were 
then subjected to immunoblotting. 



GENES & DEVELOPMENT 2719 



Kurabayashi and Sanada 



Statistical analysis 

All bar graphs were plotted as mean ± SEM. Direct comparisons 
were made using a two-tailed Student's or Welch's t-test. The 
significance level was set at P < 0.05 for all tests. 
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